This study was conducted to 1 ) determine milk yield of sows that were machine milked up to four times daily; 2 ) determine the effect of pig substitution on milk yield; 3 ) assess litter weight changes for sows that are milked; and 4 ) determine milk composition. Eight sows were milked four times daily to d 51 postpartum. Sows either maintained their own litter or had a week-old replacement litter to replace 25-d-old pigs. Individual gland milk yields were obtained on random days throughout lactation, and different diameter and weighted teat cups were rotated so that all glands received all combinations. Composite milk samples were analyzed for fat, protein, and somatic cells. Milk yields peaked at about 19 d postpartum and declined to 45 d postpartum in sows with their own litter, whereas milk yields peaked earlier and had a more dramatic decline after fostering of a younger litter. Litter weights were 17.1 ± 1.0 kg at farrowing with 13.6 ± .6 pigs born alive. Final litter weights were 34.4 ± 11.7 kg for sows with replacement litters and 74.4 ± 13.5 kg for sows with their own litters, and numbers of pigs weaned were 6.5 ± 1.3 and 9.7 ± 1.5, respectively. Milk fat was influenced by route of oxytocin administration (6.53 ± .12 for i.v. vs 7.21 ± .19% for i.m. administration; P < .05). Milk fat percentage was highest on d 2 and declined to 13 d postpartum. Milk protein was influenced by time of day of milking (lowest at the fourth milking, 5.57 ± .11%) and followed a pattern similar to that for milk fat. Milk protein was affected in a linear manner by milk yield, with highest protein associated with lowest milk yields. Somatic cells in milk were influenced by litter replacement ( P < .05) and oxytocin administration ( P < .01). There was a linear increase in somatic cells from about 8 × 10 6 cells/mL milk at d 2 to more than 12 × 10 6 cells/mL milk at d 51 postpartum. These results show that pig replacement affects the amount of milk obtained. Moreover, milk composition changes throughout lactation. However, milk removal from sows has a severe impact on litter weight gains, and in systems where sow's milk is needed for commercial purposes, pig supplementation is necessary.
Introduction
Sows produce large amounts of milk throughout their lactation. Sows have been milked either by hand or with a milking machine (Hartman and Pond, 1960; Colenbrander et al., 1967; Fraser et al., 1985) . Many of these machines were designed only for sporadic milk sampling and not for milking sows throughout lactation. We have developed a milking machine that can be used for milking sows throughout lactation (Williams et al., 1993) , and we have obtained milk during a 60-d lactation (Garst et al., 1999) . Composition of sow's milk has been reported by numerous investigators (Fahmy, 1972; Pond and Maner, 1974; Klobasa et al., 1987; Baas et al., 1992) . Usually these milk samples are obtained by hand-milking and after i.m. injection of oxytocin at relatively few sampling periods throughout early lactation. The objectives of this research were to 1 ) determine milk yield for sows that were machine milked up to four times per day; 2 ) determine the effect of pig substitution on milk yield; 3 ) determine the effect of milk harvesting on litter weights; and 4 ) determine milk composition.
Materials and Methods
Five Yorkshire-sired sows (three in their third lactation, one in fourth lactation, and one in seventh lactation), two Landrace-sired sows (one second lactation and one third lactation), and one Durocsired sow (second lactation) were anesthetized after farrowing as previously described and fitted with catheters for oxytocin administration (Garst et al., 1999) . Sows and their pigs were housed together in convertible farrowing stables (Comfort Crate; Thorp Equipment Inc., Thorp, WI). During lactation, sows were given free access to a diet formulated to meet NRC (1988) requirements (Table 1) .
A pulsation rate of 120/min and a ratio of 28:72 (milk:rest) were used for this study. Pigs were removed and isolated from sows for at least 30 min before each milking. Milking frequency was four times daily, with a 3-h interval between milkings after the first milking of the day at 0800. For milking, sows were moved from the farrowing crate to an elevated milking parlor (Garst et al., 1999) .
Sows either maintained their initial litter and survivors for the duration of the 51-d lactation period or had a 1-wk-old litter to replace their 25-d old pigs. Acceptance of the new litter was aided by placing talcum powder on the original litter after the last milking of the day and on the new litter before introduction to the lactating sow. Pigs were provided access to creep feed for ad libitum consumption at 21 d of age and supplemental milk recovered from the dam throughout the study.
Individual gland machine milking was conducted randomly throughout lactation ( n = 325). In addition, teat cups (Garst et al., 1999) of different diameters (16, 18, 19, and 21 mm) and with added weights (25, 50, and 75 gm) were rotated to different paired glands so that all glands received all combinations. Composite milk samples collected throughout lactation from two sows with their own litter and two sows with replacement litters were analyzed for milk fat, protein, and somatic cells at the United Federation of DHIA, Inc. laboratory in Blacksburg, VA. Teat diameter and length were measured on random days of lactation.
Statistical Analyses
Yield from each milking and total daily milk yield (sum of each individual milking per day) were analyzed using GLM procedures in SAS (1985) . Models for milk yield included treatment (same litter or replacement litter), sow nested in treatment, type of oxytocin administration (i.v. or i.m.), time of day of milking, days in lactation to the cubic term by treatment interaction, and milkers. A reduced model was used for daily milk yield analyses. Treatment was tested with the sow nested in treatment effect. Additionally, milk fat, protein, and somatic cells were analyzed using models that included treatment, sow nested in treatment, days in lactation to the cubic term, time of day of milking, type of oxytocin administration, milk yield, and the type of oxytocin administration × time of day of milking interaction as independent variables. The model for individual gland milk yield included sow, days in lactation to the cubic term, time of day of milking, type of oxytocin administration, gland milked (for individual sows, the most anterior gland being suckled was gland 1, the next was gland 2, and so forth to gland 4), teat cup weight, and teat cup diameter as independent variables.
Results
Actual number of days in milk were 42.3 ± 4.4. Sixty-seven percent of the milkings were accomplished by i.v. oxytocin administration. Average daily milk yield per sow was 1.102 L/d, with an average of 43.1 ± 8.6 L of milk per sow.
Analysis of data (Table 2 ) revealed effects on yield per milking due to sow nested in treatment ( P < .01), route of oxytocin administration ( P < .01), time of day of milking ( P < .01), milker pairs ( P < .01), and curvilinear effects of days postpartum × treatment interaction ( P < .01). Sow 181 had the highest yield per milking (335 ± 17 mL), and sow 92 which milked for only 32 d, had the lowest yield per milking (36 ± 19 mL). Intravenous oxytocin administration resulted in a higher yield per milking (232 ± 9 mL) than i.m. oxytocin administration (190 ± 11 mL). The first milking of the day (315 ± 13 mL at 0800) resulted in Table 2 . Analyses of variance for per milking and daily milk yield in sows milked four times per day and with litter replacement at 25 d postpartum a L = Linear, Q = Quadratic, C = Cubic; **P < .01. Treatment was tested with sow (treatment). the highest milk yield (174 ± 14 mL at 1100, 171 ± 13 mL at 1400, and 186 ± 12 mL at 1700).
Analysis of daily milk yield (Table 2 ) revealed differences due to sow nested in treatment ( P < .01) and a treatment × days postpartum to the third order interaction ( P < .01). Daily milk yield ranged from 426 ± 73 to 1,500 ± 56 mL. The treatment × day in lactation interaction for yield per milking showed that milk yields peaked about d 19 postpartum and declined to d 45 for sows with their own litter, and sows with a replacement litter peaked at d 17 and had a more dramatic decline after the change to a younger litter at d 25 postpartum (Figure 1 ). The sows with the replacement litter declined in yield per milking to d 43 and then increased in milk yield. Similarly, daily milk yield followed the same pattern (Figure 2) , with sows having the replacement litters declining more in daily yield after the change of litters on d 25 postpartum.
Litter and Pig Data
Litter birth weights (17.1 ± 1.0 kg), number of pigs born alive (13.6 ± .6), d-25 litter weights (32.1 ± 4.5 kg), and number of pigs (8.9 ± 1.3) were not different between sows that raised their own litter or had a replacement litter. Average final litter weights were 34.4 ± 11.7 kg for sows with replacement litters and 74.4 ± 13.5 kg for sows with their own litters. The final litter weight for sows with replacement litters was the weight of their own litter at d 25 plus the weight gain for the replacement litter over the next 25 d. Pigs surviving to weaning had a gain per pig of .035 kg/d for sows with their own litters ( n = 9.7 ± 1.5) and .010 kg/d for sows with litters replaced at d 25 ( n = 6.5 ± 1.3).
Individual Gland Yields
Mean teat diameters ranged from 10.0 ± .9 to 17.3 ± .5 mm, and teat lengths ranged from 21.0 ± .6 to 29.4 ± .6 mm. There were differences among sows ( P < .01) and among teats within sows ( P < .05). Analysis of individual gland milk yield (Table 3 ) showed that yield was affected by sow ( P < .01), days in lactation to the cubic term ( P < .01), oxytocin administration ( P < .01), individual gland ( P < .01), and teat cup diameter ( P < .05). The individual gland milk yield of sows ranged from 9.6 ± 3.2 to 44.3 ± 2.3 mL. Overall, the first (42.3 ± 2.1 mL) and second (43.6 ± 2.1 mL) anterior glands on the left side and the most anterior gland (40.7 ± 2.1 mL) on the right side produced more milk than the most posterior glands (left third, 24.0 ± 2.1; left fourth, 26.5 ± 2.1; right second, 28.9 ± 2.1; right third, 20.2 ± 2.1; and right fourth, 9.7 ± 2.1 mL). The curvilinear changes in individual gland milk yield are in Figure 3 . Generally, peak milk yields were observed by 20 d of lactation, with nadirs at approximately d 40 of lactation. The right two most posterior glands produced the least amount at milk and did not follow the same pattern as the more anterior glands. Teat cup diameter greater than 16 mm resulted in 
Milk Composition
Analyses of data (Table 5 ) revealed effects of treatment ( P < .05) on somatic cell counts, sow nested in treatment on milk fat and protein percentage ( P < .01), a linear effect of days in lactation ( P < .01) for somatic cell counts and cubic effects ( P < .01) for fat and protein percentage, time of day of milking effects on fat ( P < .01) and protein ( P < .05) percentage, route of oxytocin administration on fat percentage and somatic cell counts ( P < .01), milk yield on protein percentage ( P < .01), and a route of oxytocin administration × time of milking interaction for somatic cells ( P < .05). Milk fat percentage ranged from 5.96 ± .15 to 7.84 ± .18%, and milk protein percentage ranged from 5.47 ± .15 to 6.32 ± .10%. Intravenous oxytocin resulted in a lower milk fat percentage ( P < .05), but no difference in milk protein percentage (Table 6 ). The second milking time resulted in highest milk fat percentage ( P < .05) and the last daily milking yielded the lowest protein percentage. Sows with their own litter had a lower ( P < .05) somatic cell count (4.079 ± .396 × 10 6 /mL milk) than sows with a replacement litter (6.745 ± .365 × 10 6 /mL milk). Intravenous oxytocin resulted in lower ( P < .01) somatic cell counts (3.238 ± .315 × 10 6 /mL) than i.m. administration (7.586 ± .479 × 10 6 /mL milk). The interaction of route of oxytocin administration and time of milking on somatic cells is in Table 7 . Somatic cell counts at the first and third milking time were lower than at the second milking time for i.m. 
Discussion
This study yielded responses consistent with those reported earlier for oxytocin administration and milk yield in machine milked sows (Garst et al., 1999) . Daily milk yields peaked at 1.5 L. However, several sows had peaks in daily milk yield above 2.6 L.
Replacement of litters at d 25 postpartum caused dramatic declines in milk yields per milking and per day. New pigs did not nurse their replacement sow as well as their own dam. However, milk yields began to increase after d 43. This result is consistent with other reports (Garst et al., 1999) and may be due to less intense suckling by older pigs, because they may be obtaining more nutrients from creep feed. If it were necessary to milk sows for an extended lactation, pig replacement may be feasible. However, when lactation of no more than 60 d is necessary, it seems best to leave pigs with their original sow.
Intensive machine milking of sows affected the litter weight gains severely. Surviving pigs had ADG between .054 to .173 kg/d (Garst et al., 1999) when suckling their own sow, but pigs fostered to new sows at 25 d of lactation had lower ADG (.01 kg/d). These gains are lower than those reported by Noblet and Etienne (1989) , who reported an ADG of .195 kg/d over the first 3 wk postpartum. Even with creep feed available to pigs, additional supplementation may be needed when sows are being milked for commercial purposes.
Individual gland milk yield patterns were similar throughout lactation, with peaks between d 12 and 20 postpartum, nadirs about d 40, and a slight increase thereafter. When examining milk yields per teat, posterior teats were inferior to anterior teats. This is in agreement with Fraser et al. (1985) , who suggested that lower yields may be due to the smaller size of posterior teats. In addition, pigs have been shown to prefer anterior teats (Jeppesen, 1982) , and anterior teats are more sensitive to stimulation (Fraser, 1980) . More frequent stimulation and nursing by pigs and increased sensitivity to stimulation by the milking machine may account for increased yields from anterior teats in this study and others. Another possibility for increased milk yield of individual glands may be teat characteristics. LeDu et al. (1994) noted that in dairy cattle, milk yields were affected by the vacuum and pressure needed to open the teat canal and by the teat wall thickness.
The smallest diameter teat cup (16 mm) resulted in reduced milk yield per gland. These teat cups were not always able to accommodate the entire teat and may have been constrictive. The other sizes (>18 mm) were more appropriate and resulted in higher yields. Teat cup weight had no effect on milk yield per gland. Even though there was a trend for higher yields with the two heavier weights, there was also the problem of the larger and heavier teat cups not staying on the teats during milking.
Milk fat percentage was highest at the onset of lactation, and the percentage in this study was much higher (12.7%) than the reported values of 6.5 to 6.7% and 2.7 to 7.7% (Klobasa et al., 1987; Pond and Maner, 1974, respectively) . The changes in milk fat percentage agree with the early postpartum changes reported by Baas et al. (1992) . They also found no effects on fat percentage due to parity. Fahmy (1972) also reported 5.5% fat in colostral milk on d 1 of lactation and 6.0 to 6.5% fat on d 14, 28, and 35 postpartum. By 3 wk in this study, postpartum milk fat percentage had declined to 6.7% and remained constant. Intravenous oxytocin resulted in lower milk fat percentage, perhaps due to the faster letdown and shorter duration of milk collection. Generally, fat content of milk increases as milking time increases, with early milk having more water content and less fat and hind milk having higher fat content (Hamann and Dodd, 1992) . With oxytocin i.v., milking was faster, and, therefore, less of the fat-rich hindmilk may have been obtained. The second milking time had the highest milk fat percentage, perhaps due to the first milking having higher yields. With less volume at the second milking, more fat was obtained.
Protein did not vary with milking time, except for the last milking, which had the lowest protein percentage. In addition, oxytocin administration did not affect milk protein percentage, and milk protein percentage did not vary greatly throughout lactation. However, milk protein percentage decreased with higher milk volume. The levels of milk protein measured in this study were similar to those obtained by others (Pond and Maner, 1974; Klobasa et al., 1987; Baas et al., 1992) . However, Fahmy (1972) reported 17.3% protein in milk on d 1 of lactation and 5.5% protein at d 14, 28, and 35 postpartum.
There are no previous reports of somatic cell counts in the milk of sows. In general, sow milk samples have somatic cell counts manyfold higher than samples of bovine milk (300 to 659 × 10 3 cells/mL; Dekkers et al., 1996) . Sows in this study were housed in farrowing crates with slatted floors that were kept clean. In addition, udders were washed and disinfected prior to milking. However, these sows were suckled by pigs, whereas commercial dairy cattle are not allowed to be nursed. Species differences may explain why these sows had such high somatic cell counts. Somatic cell counts increased when sow litters were replaced, as well as when oxytocin was administered i.m., in contrast to no changes in somatic cells when cows were given oxytocin (Ballou et al., 1993) . These results suggest that a stress response may be causing increased somatic cell counts in sow milk (Shearer et al., 1992) . The increase in somatic cell concentration as lactation advanced was similar to reported increases in later stages of lactation in second-and third-parity dairy cattle (Wiggans and Shook, 1987) . Future research is necessary to establish normal somatic cell counts in suckling and machine-milked sows.
Implications
Sows can be machine milked intensively over a 51-d period. Route of oxytocin administration and pig replacement affect the quantity of milk obtained. Pigs nursing a sow that is being milked intensively require supplemental feed to avoid reductions in weight gains. The composition of sow milk changes throughout lactation and seems to have much higher somatic cell counts than milk from dairy cows. Future studies to examine milk constituents of sows should take into account the stage of lactation and methods of sample collection.
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